• Background and Aims Alpine cushion plants can initially facilitate other species during ecological succession, but later on can be negatively affected by their development, especially when beneficiaries possess traits allowing them to overrun their host. This can be reinforced by accelerated warming favouring competitively strong species over cold-adapted cushion specialists. However, little empirical research has addressed the trait-based mechanisms of these interactions. The ecological strategies of plants colonizing the cushion plant Thylacospermum caespitosum (Caryophyllaceae), a dominant pioneer of subnival zones, were studied in the Western Himalayas.
INTRODUCTION
Alpine cushion plants are characterized by some of the most suitable adaptive strategies in cold regions (Aubert et al., 2014) and ecologists have long been interested in both the adaptation mechanisms for survival in harsh environments and in the plants' role in ecological interactions (Rauh, 1939; Körner, 2003; Parsons and Gibson, 2009; Schöb et al., 2014) . Despite the evidence supporting the positive impact of cushion plants on the local biota and environment (Arroyo et al., 2003; Cavieres et al., 2006; Yang et al., 2010; Mihoč et al., 2016) , their role in biotic interactions and ecological succession is complex (Michalet et al., , 2016 Molina-Montenegro et al., 2015; Anthelme et al., 2017) , often context-dependent and species-specific (Anthelme et al., 2014; Soliveres et al., 2015; Liancourt et al., 2017) . For instance, nurse cushions can initially facilitate other species during primary succession after glacier retreat, and in turn can be negatively affected by their development, especially when beneficiaries possess traits allowing them to overrun their host (Connell and Slatyer, 1977) . This can be reinforced by ongoing climate warming favouring competitively strong species over coldadapted cushion specialists.
Global warming has been shown to threaten species living in the highest and coldest places. High-mountain cushion plants are potentially endangered because competitively stronger species expanding their range from the lower alpine zone may outcompete them (Erschbamer et al., 2011; Gottfried et al., 2012; Doležal et al., 2016) ; this may eventually lead to biodiversity loss in alpine flora (Pauli et al., 2007; Chen et al., 2011) . However, expanding species may face multiple challenges that are similar to those described during primary succession (Doležal et al., 2008) . They can be less well adapted to harsh conditions and their establishment and long-term survival may depend on the presence of safe sites (Stöcklin and Bäumler, 1996; Cavieres et al., 2005) , a process that can be facilitated or hindered by resident species (Connell and Slatyer, 1977) .
Despite the apparently vast colonizable area, successful colonization in the upper alpine zone may rely on only a few microsites where microtopographic, climatic, physical and chemical characteristics are most suitable (Stöcklin and Bäumler, 1996) . The large canopies of alpine cushion plants can potentially provide these better growing conditions and serve as nurse habitats for less well adapted species (Antonsson et al., 2009; Haussmann et al., 2010; Cavieres et al., 2016; Liancourt et al., 2017) . Alternatively, alpine specialists, the first pioneers of newly deglaciated areas, can pre-empt the most suitable patches and prevent other species from establishing or thriving (Connell and Slatyer, 1977; Dvorský et al., 2013) . They could therefore slow down warming-induced species expansion. Understanding the outcome of plant-plant interactions between resident species and species likely to expand their range in the context of safe site limitation is crucial for developing realistic predictions of the consequences of climate change on mountain biota (Anthelme et al., 2014; Michalet et al., 2016) .
Dry mountain regions are ideally suited to the examination of this question (Wang, 1988) . In the arid Himalayas, most habitable sites are confined to concave topographies that are sheltered from strong winds and have readily available water, such as along glacial river banks, lakes, snowbeds and flat valley bottoms (Řeháková et al., 2017) . During primary succession after glacial retreat, these safe sites are first colonized by lowgrowing hemicryptophytes, often with a deep root anchoring the plants in unstable substrates (Hartmann, 2009; Angel et al., 2016) . Thylacospermum caespitosum is a prominent tap-rooted pioneer and is the dominant cushion plant in the Himalayan subnival zones . Interestingly, recent studies from extreme elevations between 5000 and 6000 m found no facilitative effects in Thylacospermum (de Bello et al., 2011a) , with more species and individuals growing outside than inside the cushions (Dvorský et al., 2013) . Competitive rather than facilitative interactions prevailed within the safe sites occupied by the cushions. Alpine cushion plants can therefore represent a biotic filter that late-successional or range-expanding species have to pass (Cavieres et al., 2005; Michalet et al., 2016; Anthelme et al., 2017) . This overall setting could make upper alpine zones in arid Himalayan mountains more resistant than other, wetter mountainous regions of the world.
Himalayan cushion plants are predicted to become increasingly less resistant to outside colonization due to ongoing climate change, which can be inferred from the ecological strategies of species successfully colonizing them. The subnival zone in the arid north-western Himalayas dominated by cushions of T. caespitosum has experienced an unprecedented rise in summer temperature over the past two decades (Bhutiyani et al., 2007) , accompanied by an extension of the growing season (Doležal et al., 2016) and rapid glacial retreat (Schmidt and Nüsser, 2017) . In addition to warming, the region has also experienced increased summer precipitation (Shrestha et al., 2012; Thayyen et al., 2013) . Previous studies documented that clonally spreading species from wetter habitats increased in abundance in response to increasing temperature and precipitation, while non-clonal tap-rooted subnival specialists, typical of arid Himalayan environments, declined in abundance . If these trends continue, pioneer subnival cushion plants, including Thylacospermum, are predicted to be invaded and gradually replaced by competitive clonal species from the lower-elevation alpine grasslands (Doležal et al., 2016) . Moreover, the colonization could be enhanced by the frequent dead tissue and cracks observed in old, senescing Thylacospermum canopies (Dvorský et al., 2013) .
Despite these predictions, our understanding of ecological strategies associated with biotic interactions in the rapidly warming Himalayas is still limited and requires further in-depth study (Michalet et al., 2016) . Previous studies have shown that Thylacospermum is colonized by a phylogenetically diverse set of species across its entire elevation range in the arid north-western Himalayas (Le Bagousse-Pinguet et al., 2018) . However, it remains an open question whether colonizers are also functionally diversified species, indicating that there is no specific strategy behind successful colonization. Alternatively, species colonizing cushion plants possess ecophysiological and morphological attributes distinct from those of less successful colonizers that prefer bare soils outside the cushions Soliveres et al., 2014; Schöb et al., 2017) . We hypothesized that plants colonizing Thylacospermum are phylogenetically diverse but functionally similar species, characteristic of more competitive strategies ensuring fast growth and clonal multiplication, along with an affinity for higher soil moisture and nutrients.
In this study, we aimed to explore which traits enhance the species' success in becoming established inside compact cushion canopies, and whether different traits are associated with species colonizing their living versus dead parts. We also tested whether the success of a species invading a cushion plant is related to its ecological preferences, including optima and ranges along major environmental gradients. Based on theoretical and field evidence (Griggs, 1956; Alliende and Hoffmann, 1985; Michalet et al., 2016) , we expected clonal graminoids from lower-elevation grasslands, as well as herbaceous perennials, to be more successful in colonizing the cushion plants than non-clonal annuals, subshrubs or taprooted species. Furthermore, we examined the role of species' evolutionary history (phylogeny) in the trait-based interactions. To test whether the predictive power of functional traits remains significant after taking phylogeny into account, we employed species-based trait-environment analysis with phylogenetic correction. To provide evidence of how general these patterns are, we explored functional trait composition across entire elevation ranges of species in two mountains: the more glaciated, wetter Karakoram and the less glaciated, more continental Little Tibet.
MATERIALS AND METHODS

Study area and sampling design
We collected vegetation samples and plant traits along the entire Thylacospermum elevational range (4800-5850 m) in the Ladakh region of the north-western Indian Trans-Himalayas (Fig. 1) . Much of the study area is covered by cold deserts and steppes, alpine grasslands form a belt above the steppe zone, and subnival vegetation is developed at the highest elevations . The elevation gradient with Thylacospermum correlates with a significant decrease in mean annual/summer temperatures from −1.6/7.7 to −10.4/4.4 °C (Dvorský et al., 2013) .
To assess which traits are associated with species growing inside live and dead cushion canopies (hereafter termed 'successful colonizers') and those preferring outside bare soil, and how general these trait differences are, we collected vegetation and trait data across contrasting elevations in two mountain ranges differing in glaciation, geology and partly in plant species pool, but with similar main vegetation types. We sampled four locations in the Nubra Valley (34°45′ N, 77°35′ E) in Eastern Karakoram (4850, 5000, 5100 and 5250 m), and four locations in the ChamserLungser range (32°59′ N, 78°24′ E) above Tso Moriri Lake in Little Tibet (5350, 5600, 5750 and 5850 m). Karakoram is less arid (~250 mm annually) due to the stronger influence of winter westerlies; it is characterized by sharp and rugged ridges, narrow and steep valleys ending in vast glaciers, the fronts of which usually start at ~5300 m. Situated in the rain shadow of the High Himalayas and consequently rarely affected by monsoonal precipitation, Little Tibet has a climate that is predominantly continental and arid, with annual precipitation of around 150 mm and a snowline at 5900 m. Hence, these two ranges have different lower and upper distributional limits for vascular plants (Dvorský et al., 2013 (Dvorský et al., , 2015 .
Zonation of the vegetation is similar between the two mountain ranges, but the particular belts are shifted downwards in Karakoram because of extensive glaciation and higher precipitation (Bhutiyani et al., 2007) . In Karakoram, Thylacospermum caespitosum can be found from 4600 to 5480 m, from dry alpine steppes at lower elevations (with poorly developed sandy soils dominated by Tanacetum tibeticum, Artemisia minor and Elymus schrenkianus) to rocky outcrops at higher elevations surrounded by glacier moraines and mesic alpine meadows (dominated by
Potentilla pamirica, Poa attenuata and Astragalus confertus).
In Little Tibet, the cushions occur from 5100 to 5960 m, from dry alpine screes at lower elevations (dominated by Poa attenuata, Urtica hyperborea and Dracocephalum heterophyllum) to the subnival zone with poorly developed soils covered by algal crusts and few vascular plants (Saussurea gnaphalodes, Draba altaica and Stellaria decumbens). Unlike other studies showing pronounced altitudinal changes in cushion canopy compactness (e.g. Bonanomi et al., 2015) , the Thylacospermum cushions studied had tightly knit, stone-like mat-forming canopies along the whole elevation gradient.
The vegetation survey was carried out during the peak of the growing season (August) in 2011. At each location, cushions were systematically surveyed within an area of ~1 ha to allow sufficient replications (n = 66, 61, 69, 77, 70, 70, 70 and 73 in the different locations). The surveyed cushions represented all size classes, from 5 to 132 cm in diameter, the most common size class being 30-50 cm. Three vegetation samples were taken at each cushion, representing three contrasting microhabitats located next to each other (hereafter termed 'blocks'): two samples were taken from inside the cushion on live and dead parts of the canopy, and the third was the same size and shape as the cushion and was taken at a random location in the open ground outside the cushion at a distance equalling the cushion diameter. We recorded vascular plant species rooting within the respective sample areas and their percentage cover. We also recorded the proportion of dead tissue within the cushion canopy; in total we recorded plant composition in 1668 samples. Our sampling design inevitably led to the three microhabitat samples having different sizes. For this reason, we performed a species-based multivariate analysis (see the Statistical analysis section) that explicitly accounted for sample size differences by filtering them out before calculating the unbiased (unique) species preferences for three microhabitats and assessing the significance of particular traits in predicting these preferences. 
Trait measurement
For all 56 species recorded in the vegetation samples, we recorded several whole plant traits, organ traits, clonal growth strategies and species ecological information, making altogether 53 morphological and ecophysiological traits and ecological indicator values measured both in the field and in the laboratory, based on Cornelissen et al. (2003) . More than ten individuals were collected for each species (881 individuals in total) at different elevations covering most of the species' altitudinal ranges in Ladakh during several expeditions in the years 2008-11. Plant individuals were first excavated from the soil, the roots were washed, the shoots and flowers were counted, and plant height was measured before the plant was separated into individual organs for further laboratory analyses.
We measured several plant traits relevant to competitive ability (plant height), allocation (total, leaf, stem and root biomass), growth [specific leaf area (SLA), leaf dry matter content (LDMC) and stem dry matter content (StDMC), leaf and root N and P concentrations], C storage (starch, fructans as nonstructural carbohydrates), drought and frost tolerance (free sugars and sugar alcohols), water use efficiency (δ 13 C), generative (seed mass) propagation and vegetative (clonality and lateral spread) propagation. Phosphorus was determined after digestion in HClO 4 using a Shimadzu UV-1650PC spectrophotometer. We measured δ 13 C and total C and N using an elemental analyser coupled to an isotope ratio mass spectrophotometer (IRMS) at the Stable Isotope Facility, University of California, Davis, USA. Starch and fructans were determined using the Megazyme total starch assay procedure (www.megazyme.com), and ethanol-soluble sugars were determined by anion exchange chromatography with pulsed amperometric detection. Soluble sugars included sugar alcohols such as glycerol, xylitol and arabitol, and simple sugars such as glucose, fructose, sucrose and galactose (for a complete list see Supplementary Data Appendix S1). Total non-structural carbohydrate (NSC) was calculated as the sum of all analysed carbohydrates. These traits are important indicators of plant resource-use strategy, reflecting a fundamental trade-off between the rapid production of biomass (e.g. high SLA, high foliar N and P, low LDMC, long rhizomes) and the efficient conservation of nutrients (low SLA, less negative δ 13 C, low foliar N and high LDMC). Additional information on the plant traits is given in Supplementary Data Appendix S1.
Clonal propagation
In addition to quantitative traits, each species was classified into one of 20 clonal growth forms based on which organ (rhizomes versus primary tap roots) provides connections between offspring shoots, whether this organ is short or long, whether a plant is able to form adventitious roots, and whether there are special storage organs. There were three exceptions: annuals and biennials, woody plants and cushion plants were assessed according to their whole morphology. Furthermore, species were divided into four space occupancy strategies, based on the rate of lateral spread (spreading, >10 cm per year; nonspreading, <10 cm per year) and persistence of connections between ramets [splitters were plants producing adventitious roots with the main root decaying; integrators were plants not producing adventitious roots and/or with a perennial main root ].
Species' elevational optima and ecological indicator values
To obtain a robust estimate of the elevational optima and ranges of the species, we calculated response curves fitted with Huisman-Olff-Fresco (HOF) models . Species response curves were derived from 4150 vegetation plots (each 100 m × 100 m) sampled over the entire Ladakh between 1999 and 2014. The dataset contains >122 000 records of occurrence of vascular plant species along the exceptional elevational gradient from 2800 to 6150 m. Species' optima on five environmental gradients (ecological indicator values) were derived from the vegetation composition of 369 plots (each 100 m 2 ) sampled in a stratified design to cover major vegetation types over the study area.
Species phylogeny
To assess the possible effect of phylogenetic relatedness among species on the species' trait-habitat relationship, we reconstructed the phylogeny of studied species from nucleotide sequences obtained from GenBank (www.ncbi.nlm.nih. gov/nuccore/). All the cushion taxa had to be covered, yet many of them were never sequenced. A combined multigene approach was therefore applied. The maximum data density was achieved with four loci: internal transcribed spacer (ITS), trnT-trnL intergenic spacer, matK + trnK region, and the gene for rubisco large subunit (rbcL). The L-INS-i algorithm implemented in the online version of MAFFT 6 (http://mafft.cbrc. jp/alignment/server) was employed to align the sequence datasets. The phylogenetic analysis itself was represented by the Bayesian inference, conducted in MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003) . The tree inferred by MrBayes served as groundwork for phylogenetically independent contrasts in the trait-environment analysis.
Statistical analyses
To determine which set of traits best explain the species' preferences for three studied microhabitats (outside cushion, inside living and inside dead canopy), we used a species-based multivariate analysis of the trait-environment relation (ter Braak and Šmilauer, 2012), which places individual taxa into focus. It is based on a two-stage analysis in which the preferences of individual species for three studied microhabitats were first quantified as their scores on partial canonical correspondence analysis (CCA) ordination axes after filtering out the effect of elevation, cushion size and block, using the CANOCO 5 software (ter Braak and Šmilauer, 2012). As a second step, the CCA scores were related to the species' traits using partial redundancy analysis (RDA).
However, since part of the explanatory power uncovered by relating the traits to ecological preferences might be alternatively explained by phylogenetic inertia affecting both the similarity of traits among closely related taxa and the similarity of environmental niches that such taxa occupy, phylogenetic corrections based on the methods of Diniz-Filho (1998) and modified by Desdevises et al. (2003) were used. The variation explained by the phylogenetic relatedness of species was removed from the model, using species coordinates on selected axes of a principal coordinates analysis calculated from a patristic distance matrix corresponding to the MrBayes phylogenetic tree. Selected principal coordinates, which were used as covariates during tests including phylogenetic correction, were also used as predictors of functional traits to estimate the amount of variation in the trait values explained by species phylogeny (Desdevises et al., 2003) .
We first analysed all traits together in separate analyses for Little Tibet and Karakoram, followed by analyses specific for each group of traits (whole plant traits, organ traits, clonal growth forms and species' ecological information; Table 2 ). Statistical tests were based on 9999 Monte Carlo permutations restricted within the blocks. The results were visualized with an ordination diagram. To test further which traits significantly predicted the species' preferences for individual cushion habitats, the global RDA analyses were followed by a t-value biplot approach with van Dobben circles (ter Braak and Šmilauer, 2012; Table 1 and Supplementary Data Appendixes S2 and S3). We also used an alternative plotbased approach, which placed individual plots (their community-weighted trait averages) into focus instead of individual taxa. Since the species-based and plot-based analyses provided the same results, we only present the former (for the outcome of the plot-based analysis see Supplementary Data Appendixes S4 and S5).
RESULTS
In both mountain ranges, the partial RDA analyses showed significant trait differences between the three microhabitats, showing that colonizers of Thylacospermum cushions are functionally different from those of species preferring bare soil outside cushions (Analyses 1 and 2 in Table 2 ). The first RDA axis was dominant in both regions, explaining more variability than the second axis, allowing one to distinguish between traits associated with outside versus inside the cushion (Fig. 2) . The main functional differences along the first axis were associated with a higher representation of more clonally spreading species inside the cushions and nonclonal tap-rooted species outside. The second RDA axis was related to trait differences between species inhabiting live and dead cushion canopies. The pattern remained significant after accounting for phylogenetic relatedness among the species in both mountain ranges (Table 2 ). This indicated that evolutionarily distant taxa with similar strategies of vegetative propagation are more successful in colonizing cushion plants than non-clonal tap-rooted species.
Species from open-ground assemblages outside the Thylacospermum cushion were mostly composed of nonclonal herbs and subshrubs with deep tap roots, belonging to non-spreading integrators with dense, often cushiony rosettes (Fig. 2) . They had a significantly higher leaf dry matter content, leaf C content, higher leaf water use efficiency, lower soil moisture demand, higher elevation optima and narrower elevational ranges than species growing inside cushions. Outsidegrowing species had significantly higher total dry biomass and, accordingly, stem and root biomass when compared with species growing inside cushions (Table 1 ). In addition, the outsidegrowing species had significantly more shoots, a higher number of flowers and deeper roots with more stored water. Finally, open-ground assemblages had significantly more P, N and nonstructural carbohydrates in their roots than species growing inside.
While the first RDA axis both in Karakoram and Little Tibet reflects the gradient from clonal species inside cushions to non-clonal species inhabiting open ground outside them, the second axis is related to trait differences between species inhabiting live and dead cushion canopies. There were some common traits but also specific responses in Karakoram and Little Tibet. The plant assemblages occupying the cushion canopies in both mountain ranges were taller plants with higher root-to-shoot ratios, higher stem water contents, lower elevation optima and broader elevational ranges (Fig. 2) . Karakoram had more diversity in terms of clonal growthform strategies in species growing inside cushion canopies than Little Tibet. In Karakoram, living cushion canopies were colonized by clonal forbs with long underground branches bearing above-ground leaf rosettes (spreading integrators), while rhizomatous graminoids with higher affinity for substrate stability, nutrients and moisture were significantly more represented in dead cushions (Fig. 2) . Species growing in the live cushion canopies in Little Tibet were long-rhizomatous graminoids and forbs with significantly higher leaf P and N concentrations and stem dry matter contents. Plant assemblages inhabiting the dead cushions in Little Tibet were taller turf graminoids (non-spreading splitters), with broader elevational ranges.
In separate analyses of distinct functional groups (whole plant traits, organ traits, clonal growth traits and species' ecological information), only the clonal growth forms retained predictive power after accounting for phylogeny (Analyses 3-10 in Table 2 ).
DISCUSSION
Understanding the ecological role of alpine residents in rapidly warming mountains is important for properly assessing the effects of climate change on species interactions, range shifts and ecological succession (Griggs, 1956; Stöcklin and Bäumler, 1996; Michalet et al., 2011; Schöb et al., 2012 Schöb et al., , 2014 Bonanomi et al., 2015; MolinaMontenegro et al., 2015) . This study provides a detailed exploration of the functional trait differences of entire interacting communities. By determining which set of traits explain the species' preferences for three contrasting microhabitats (outside cushion, inside living and inside dead canopy), and hence assessing which ecological strategies distinguish plants colonizing the T. caespitosum cushion from those that prefer growing outside, we were able to identify the mechanistic background of plant-plant interactions, and therefore improve our prediction about the successional changes following the ongoing climate change in the Himalayas.
Ecological strategies of plants colonizing the alpine cushions and those staying outside
Our results corroborated glacier forefront successional studies in which stress-tolerant plants are giving way to more competitive ones with increasing time since deglaciation, along with increasing productivity and decreasing disturbances (Walker and del Moral, 2003) . A common pattern observed in many arctic and alpine systems is that pioneer, often tap-rooted species colonizing unstable infertile substrates are gradually replaced by clonally spreading late-successional species characteristic of stable substrates and deeper soils (Doležal et al., Klimešová et al., 2012; Angel et al., 2016) . Accordingly, in this study, Thylacospermum, as a dominant pioneer of concave and wetter topographies representing more productive safe sites in arid Himalayan subnival zones, is invaded by species capable of penetrating the cushion by rhizomes and stolons, with mother ramets potentially rooting outside the cushion (Griggs, 1956 ). Interestingly, we found similar functional properties and ecological preferences in successful colonizers of the Thylacospermum cushions in both mountain ranges, despite differences in glaciation, geology, orography and floristic composition between Karakoram and Little Tibet (Hartmann, 2009 ). Altogether, these species share the syndrome of more competitive species with broad elevation ranges usually growing in mesic/productive alpine grasslands . There were also functionally similar assemblies of vascular plants occupying bare ground outside the Thylacospermum cushions in both mountain ranges. Open-ground assemblies were mostly dominated by tap-rooted forbs and subshrubs, similar to what was found with the cushion Laretia acaulis in the Andes (Alliende and Hoffmann, 1985) , with a trait syndrome typical of stress-tolerant species specialists of high, cold and dry elevations. For instance, the outside-growing species had higher water use efficiency, more stored carbohydrates for regrowth and osmoprotection (Valluru and van den Ende, 2008) and slower growth (smaller radial increments; Doležal et al., 2016) , but also high below-and above-ground biomasses. Those species are often long-lived taxa, such as Artemisia, Oxytropis and Potentilla, that can occupy the spot for several decades (Doležal et al., 2016) .
Site-specific responses
Together with the overall trait differences between successful and unsuccessful cushion colonizers in both regions, there were some context-dependent deviations from the general pattern (Schöb et al., 2014) . For instance, in Karakoram the live cushion canopies were invaded by species with more diverse clonal growth strategies in both graminoids and forbs, while in Little Tibet graminoids were more exclusively represented. These subtle discrepancies may reflect a difference in the 'cushion quality effect' between the two regions (Bonanomi et al., 2015; Chen et al., 2015) . The compactness of the cushion canopy plays a crucial role by restricting species unable to penetrate through compact tillers (Soliveres et al., 2015; Michalet et al., 2016) , and compactness can vary with environmental conditions (Bonanomi et al., 2015; Chen et al., 2015) .
However, our field observations and other studies indicated that Thylacospermum cushions were exceptionally hard and compact throughout their distribution range, naturally hindering germination and penetration by roots of other species and thus reducing their opportunity to establish inside (Jiang et al., 2017) . We believe these differences between the two regions are more likely related to higher soil moisture in the strongly glaciated Karakoram (Shrestha et al., 2012) supporting higher floristic diversities (Le Bagousse-Pinguet et al., 2018) . In the drier and colder Little Tibet, with extensive semi-deserts and steppes (Wang, 1988) , graminoids mostly colonized the cushion plants (de Bello et al., 2011b) . The higher continentality and larger species pool of steppic graminoids in Little Tibet (Miehe et al., 2002) may also explain the close association of turf grasses with dead cushion tissues, the pattern being less visible in wetter Karakoram.
Cushion colonizers are phylogenetically diverse but functionally similar
The clonal traits of below-ground organs best predicted the successful colonizers of Thylacospermum even after phylogenetic corrections. Evolutionarily distant taxa with similar strategies of vegetative propagation were growing within the cushion plants (Le Bagousse-Pinguet et al., 2018) . These included the graminoids Carex pseudofoetida (Cyperaceae), Poa attenuata and Elymus schrenkianus (Poaceae) and the forbs Dracocephalum heterophyllum (Lamiaceae), Waldheimia tridactylites (Asteraceae) and Potentilla bifurca (Rosaceae). The other studied functional traits, such as ecophysiological leaf and root properties and biomass allocations, were also significant in predicting cushion colonizers, but these differences were mostly driven by evolutionary contrasts. Consequently, though they might be, we cannot ascertain whether these traits are also causally related to successful colonization of the cushion.
The role of cushion plants in ecological succession
Previous studies have shown that the main cushion-facilitative mechanisms involve thermal amelioration (Arroyo et al., 2003) , water and nutrient provision (Mihoč et al., 2016) and protection from strong desiccant winds (Cavieres et al., 2006) . Although richness and abundance of species were greater outside Thylacospermum cushions (de Bello et al., 2011a; Dvorský et al., 2013) , suggesting that competitive rather than facilitative interactions prevail at the community level, we cannot rule out the possibility that improved soil conditions inside cushions contributed to the selective pattern of cushion colonization by vegetatively propagating species with higher moisture and nutrient demands. The Thylacospermum soils with higher organic matter, water content and more neutral pH (more readily available nutrients than in highly alkaline soils outside cushions; Dvorský et al., 2013) could be favourable environments for clonal species with long rhizomes.
Likewise, the dead plant material inside cushions can overheat as surface temperatures can occasionally reach 25-30 °C, even at 5800-6000 m (Dvorský et al., 2015; Doležal et al., 2016) . In a companion study, we also documented that dead tissues inside cushions undergo anaerobic fermentation processes through the rich bacterial communities present (Aschenbach et al., 2013; Řeháková et al., 2015) . Tall turf graminoids colonizing the decomposing dead tissues, such as Elymus schugnanicus, Stipa subsessiliflora (Poaceae) and Kobresia schoenoides (Cyperaceae), may take advantage of the enhanced N mineralization of cushion plant litter (He et al., 2014) . Altogether, competitive and less stress-tolerant species able to cope with the cost of the cushion could also benefit from it (Liancourt et al., 2005) , but no conclusion can be drawn without the quantification of a fitness benefit demonstrating that facilitation occurs for these species.
Implications for future changes under a warming scenario
The observed ecologically distinct assembly of plant colonizers on alpine cushions has important implications for future successional changes in the rapidly warming Himalayas (Shrestha et al., 2012) . On the one hand, the persistent and competitive cushions likely hinder succession towards alpine grasslands under particularly stressful conditions (Dvorský et al., 2013) , either in alpine screes or on very cold sites in the high-elevation subnival zone (de Bello et al., 2011a) . On the other hand, our results revealed that the wet clonal grassland species, those that are most likely to expand their range with warming and increased precipitation (Doležal et al., 2016) , have the traits required to compete for safe sites occupied by Thylacospermum. This pattern can already be observed around glacial lakes and streams, where alpine grasslands dominated by Cyperaceae and Poaceae form the late stage of postglacial succession (Supplementary Data Appendixes S6-S8).
Paradoxically though, this may not lead to major biodiversity loss because grasslands are the most species-rich communities in the arid Himalayas (Miehe et al., 2002; Dvorský et al., 2011) . Moreover, it is unlikely that 'unsafe' drier sites occupied by stress-tolerant species would become safer under climate change (i.e. a ridge or a convex topography will not turn into Table 1 . a snowbed). That could lead to spatial coexistence of contrasting strategies. Future studies investigating the effect of climate change in high alpine systems should build on our knowledge of primary succession (Walker and del Moral, 2003) , consider the spatial context and safe site limitation (Stöcklin and Bäumler, 1996) and examine further the possibility of resident species to facilitate or hinder the process of range expansion (Anthelme et al., 2014) .
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